The polarization state of a thin Pb(ZrTi)0 3 film is probed by optical second-harmonic generation (SHG) while applying an external voltage (a sine wave). A hysteresis in the SHG intensity is observed that corresponds to the dielectric hysteresis and is analyzed using a phenomenological relation between the SHG intensity and the dielectric polarization. Based on this model, the polarization state of the film during polarization reversal is mapped.
Dielechic polarization hysteresis is the fundamental property that enables the operation of ferroelectric-based memories. Pb(Zr,Ti)0 3 (PZT) is one of the promising candidates for fenoelectric-based microelectronic devices as the required switchable polarization for device operation is relatively large. Polarization switching is determined largely by the formation of domains and depends strongly on the microstructure of the films. This dependence requires noninvasive and quick control of the structure and dielectric properties. Conventional characterization techniques such as x-ray diffraction, electron microscopy, and dielectric methods probe either the structure or the electrical properties. Existing structural techniques, however, are not able to provide dielectric information, and vice versa. To investigate the structure-properties relation of materials, it would be very advantageous to have an analysis technique for thin films that can probe both in a quick and noninvasive way. Optical second-harmonic generation (SHG) has already been used for ex situ study of domain structures in ferroelectric and ferromagnetic films. In materials with micron-scale domains (LiNb0 3 , LiTa0 3 , and magnetic garnets), a direct SHG microscopic imaging of dmnain structures has been demonstrated. 1 • 2 Only a very few papers are devoted to in situ characterization of the rearrangement of nanoscale domains during in-plane polarization of ferroelectric films by an external voltage. 3 Since the very first SHG studies of ferroelectric crystals, 4 it was shown that the SHG response is connected with the spontaneous dielectric (DE) polarization. However, the effects of the nanodomain structure on the nonlinear-optica1 properties is still unclear. To use SHG as a probe for local in situ characterization of technologically relevant properties such as polarization switching, fatigue, and microstructure, it is necessmy to find a correlation between SHG parameters, DE polarization, and the domain structure. 0 . 53 Ti 0 _ 47 0 3 films were grown on a platinized silicon substrate and annealed at 650 °C. Ellipsometry gave a film thickness of 200±20 nm. X-ray diffraction studies showed the presence of a texture with grains in the tetragonal phase (4mm point symmetry) with a dominant presence of (lll) planes. Transmission electron microscopy (TEM) images showed a column-like structure with an average grain size of about 200 nm. The roughness of the film, measured by atomic-force microscopy, was about 20 mn. Semitransparent nickel electrodes (3 nm thick and 0.5 mm diam) were used as top electrodes. Thicker nickel electrodes (200 nm thick and 150 nm diam) were sputtered in contact with the thin ones for bonding purposes.
SHG measurements were performed using a Ti:sapphire laser at 760 nm with a pulse width of about I 00 fs, a repetition rate of 82 MHz, and an average power of 100 mW focused onto a spot of about 75 ,um diam. The reflected SHG signal at 380 nm was filtered by calor filters and a monochromator and detected by a photomultiplier tube. Both the fundamental and the SHG waves were polarized in the plane of incidence {p-in, p-out polarization combination). Rotation of the sample around its normal showed a completely isotropic SHG intensity, which points to a random in-plane distribution of microcrystallites without any predominant orientation. 5 Scattering indicatrices were not affected by the evaporation of the thin electrodes and showed that the SHG signal is 99.5% specular (within the accuracy of an aperture that is about 2°).
The dielectric hysteresis loops were measured using a Sawyer-Tower circuit; an external low-frequency voltage from a function generator was applied to a ferroelectric capacitor at IIT" 1 = I kHz. In order to scan a dielectric hysteresis loop with the SHG probe, the photon-counting detection was gated with the gate width T gote =0. The SHG signal from the nickel electrode was ten times smaller than the signal from the uncovered and unbiased PZT film. Upon application of an electric field this difference became even larger up to an order of magnitude for high biases ( ±6 V). Therefore, we attributed the whole SHG intensity to the PZT film and ignored the background signal from the electrodes. V) , the dependence of the SHG intensity on P is unambigous in our films and, consequently, the SHG intensity can be used as a measure of this DE polarization. Thus, once we know the relation I 2 w(P), we can use the SHG response to locally probe the polarization state of the PZT film, with a resolution that is given by the area of the laser spot. Figure 3 shows the evolution of the polarization reversal as obtained from SHG maps of the sample for external biases V =6, 0, -6, and 0 V. The areas with thick electrodes are clearly seen as dark spots. The brightness of the polarized area is clearly inhomogeneous. The contrast of the pictures is well above the thickness inhomogeneity (roughness) and indicates an inhomogeneous DE polarization. Figures 3{b) and 3(d) correspond to zero external bias, giving in this way a map of the spontaneous polarization of opposite sign. These polarization maps were obtained from the experimental SHG maps using the modeling as sketched below. TEM images showed that the PZT films consisted of microcrystallites of antiparallel (' '+'' and"-") lamellar twin domains. Crysta11ographically, they are equal to (Ill) and Ill faces for + and -domains. The thickness d± of a ±-type domain depends on the DE polarization. For a film divided into N twin domains along the film (grain) normal d+=d(1-P,.)I2N and d_=d(I + P 11 )12N, where P 11 is the normalized DE polarization and d is the film thickness. 6 In this model, the DE polarization dependence of the SHG intensity arises due to bias-induced redistribution of + and -domains only. This contribution can be called a crystallographic contribution sitnilarly to magnetic materials. 2 The direct contribution of electric-fieldinduced polarization is negligibly small in comparison with the crystallographic contribution in our samples.
For a random in-plane distribution of the microcrystallites the SHG field is a random function and, therefore, an averaging over the laser spot with a random distribution function is required: where 'l' is the azimuthal angh:: in the surface frame. The first term in Eq. (I) gives the coherent SHG signal, the second one conesponds to the incoherent contribution Jfn~. The incoherent contribution (x 2 ('1'))= x~" is equal for both types of domains. For the coherent contribution averaging gives 'V-indepcndent effective nonlinear susceptibilities (x('l')) = ± Xo (with + and ~ corresponding to + and -domains, respectively, within a single grain). The coherent contribution to the SHG intensity is a result of a summation of the SHG field over all domains and can be calculated in a similar way as in Ref. 7 . This gives a parabolic dependence of the SHG intensity as a function of DE polarization with J 2 w=O at P 11 =0. In the cxperimcntal/ 2 w(P) dependences, the minimum is shifted by .UP 11 =0.15 from zero. This means that there exists an initial (unswitchable) polarization UP 11 due to internal electric fields and strain, which is consistent with earlier studies. 8 Therefore, the SHG intensity in our films is described by (2) The solid line in Fig. 2 (right panel) is a fit to Eq. (2). rameters were used: the number of twin domains through the film thickness, the ratio of xf,jx~. and flP,. Knowing the relation between the polarization and the SHG intensity, we can use J 2 w to locally measure the polarization state of the PZT film, as was done in Fig. 3 . Experimentally, we found that the incoherent radiation falls within the aperture of our detection system from this, the correlation length of the nonlinear sources for our films can be estimated to be more than I p.,m. 9 Such a long-scale length may arise from an in-plane distribution of internal electric fields and/or strain due to the preparation procedure.
It is important to note that internal fields are not able to change directly the SHG field as was suggested in Ref. 10 . This is because for noncentrosymmetric media the higher-order components X;jklEj(w)E,(w)E 0 +pijktmEj(w)Ek(w)u 1111 are much smaller than the secondorder crystallographic contribution (here, E 0 is the lowfrequency electric field, u 1111 the strain tensor, and Xijkt and Pijktm are appropriate susceptibility tensors). However, these fields do influence, through domain formation, the total polarization and, therefore, the SHG intensity.
To conclude, we have developed a technique for in situ measurements of SHG during polarization reversal and have shown that the SHG intensity is a direct measure of the local DE polarization in ferroelectric-biased polycrystalline thin films. We showed that with an applied external bias a crystallographic contribution to the SHG field remains dominant. We have demonstrated the application of this technique for a spatially resolved mapping of the polarization state during polarization reversal in thin ferroelectric films. Spatial resolution of this probe can be improved down to the diffraction limit of about 0.5 f.UTI. Based on these studies, a qualitative, quick contactless mapping of polarization state is also possible.
